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In the past decade, many studies have been introduced for liquid metal-based stretchable electronics 
in the form of elastomer silicones embedding liquid metal with various trajectories. However, analyses 
on the resistance changes in the liquid metal under strain have not been fully exploited yet, which 
restricted precise estimation of resistance changes under large strain, thus designing the liquid metal-
based applications was very challenging to realize the required resistance changes. To overcome these 
restrictions, in this thesis, relationships between strain and electrical resistance changes in the diagonal 
and circular arc-shaped wires of liquid metal are analyzed, experimentally verified, and applied to 
stretchable electronics. 
As a first step of the analyses, the resistance changes in diagonal liquid metal wires under strain was 
formulated with the assumption that the liquid metal wires had no volume change under strain. In 
addition, by regarding the circular arcs as series of diagonal lines, the resistance changes in circular arc-
shaped liquid metal wires under strain was also formulated. Through the tensile tests with fabricated 
samples in a strain range of 0~150%, the derived formulas were experimentally verified. The result 
showed that differences between the estimated and measured resistance values were very small, with 
the root mean square error of less than 0.05. 
The derived formulas were applied to stretchable electronics such as a strain sensor and a stretchable 
heater. The strain sensor including semicircular wires needed to be more accurately estimated for its 
resistance changes under strain, and the stretchable heater needed to keep its temperature constant under 
strain. Through the tests, it was proved that the resistance changes in the applications were accurately 
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Chapter 1. Introduction 
The wearable device market has rapidly grown nowadays, and is expected to be more increased in 
the future as shown in Figure 1.1 [1, 2]. With these expectations, numerous studies have presented 
stretchable electronics, consisting of a silicone elastomer and electrical conductors including carbon 
nanotubes, metal-based nanowires, and liquid metals as shown in Figure 1.2 [3-14]. Among the 
electrical conductors, eutectic gallium-indium (eGaIn), one of the gallium-based liquid metals shows 
superior characteristics such as low toxicity, high electrical and thermal conductivity [15]. Thus, eGaIn 
has been adopted as a material for electrical wires in stretchable electronics. In addition, even though 
eGaIn is liquid state at room temperature by its low melting point of 15.5 ℃ [16], eGaIn keeps its shape 
in virtue of the oxide layer on its surface [17]. This specificity allows direct ink writing, a way to directly 
draw electrical conductors on the elastomer, and leads to flexible patterning of eGaIn wires [18]. 
 





Figure 1.2 Recent studies on stretchable electronics [3-14] 
 
When eGaIn is used as electrical wires, the eGaIn wires embedded in elastomer are dominantly 
affected by the consistent deformation of the hyper-elastic elastomer [19]. It results that the eGaIn wires 
have more regular changes in the electrical resistance during repeated strain than other electrical wires 
based on solid conductors such as carbon nanotubes (CNTs) and metal nanowires (metal-NWs) as 
shown in Figures 1.3 and 1.4, because of random changes in positions of the solid conductors for each 
strain [18, 20-22]. 
 




Figure 1.4 Resistance changes in CNT and Ag-NW-based wires during repeated strain [21, 22] 
 
The electrical regularity of the eGaIn wire under repeated strain serves as a great advantage for 
stretchable applications that is premised on repetitive use, and has influenced increasing interests in 
studies on eGaIn-based stretchable electronics [18, 20, 23-29, 35, 71, 72]. During the introduction of a 
variety of eGaIn applications, various shapes of eGaIn trajectories have been also presented to realize 
the required resistance changes under strain. However, the lack of the physical understanding of the 
complex trajectories under strain has led to no precise validation on whether the resistance changes in 
the eGaIn applications were theoretically reasonable. Some studies have presented the physical 
interpretation of simple trajectories such as tensile directional and tensile-vertical eGaIn wires under 
strain, but it has not been sufficient to understand eGaIn applications with complicated trajectories such 
as diagonal or curved trajectories [20, 27, 35]. 
In the case of eGaIn-based strain sensors, curved wires were included in their trajectories but 
neglected, causing the possibility of unexpected errors. Estimation of the resistance changes in the 
sensors under strain is important because the resistance change means the sensitivity, which is the main 
performance of the sensors. For the accurate estimation, the eGaIn wires in the sensors are separated 
into stationary and stretchable parts. The stretchable wires are arranged as long as possible in the tensile 
direction to maximize the resistance change, while the stationary eGaIn wires, which are grabbed and 
fixed when stretch, have no resistance changes so are required to be relatively short. Generally, the 
tensile directional eGaIn wires were placed in parallel and connected by semicircular wires as shown 
in Figure 1.5 (orange line boxes) [18, 24]. However, in previous studies [18, 23, 24], the resistance 
changes in eGaIn sensors have been estimated with the assumption that the entire wire is tensile 





Especially, a critical problem caused by the ignorance of the semicircular wires occurs when the 
applied strain becomes much larger; with the large strain, the estimation errors significantly increase 
due to the growing difference in deformation between the tensile directional and semicircular wires. 
Given that some studies have presented eGaIn applications with a stretchability of over 500 % [25, 71, 
72], and one of them [25] has used a curve-patterned eGaIn wire, the analysis for the semicircular wires 
is required for the precise estimation of the resistance changes under large strain. 
 
Figure 1.5 eGaIn-based strain sensors with semicircular eGaIn wires (orange line boxes) [18, 24] 
 
Furthermore, complicated eGaIn trajectories may be required for other eGaIn applications such as 
stretchable heaters. The eGaIn heaters, which adopt the stretchability of eGaIn and an elastomer silicone, 
transmit the heat generated by electrical current passing through the resistance of eGaIn wires. Here, 
the acquisition of both stretchability and heat generation triggers a challenging issue: when the eGaIn 
heaters are under strain, changes in heating power are followed by the resistance changes, as implied in 
the equation of electrical power, P=V2/ R, where P is the electrical power for heating, V is the voltage 
applied to the heater, and R is the resistance of the heater. Considering an expansion of a heating area 
in the strained eGaIn heater, increased electrical power is required to let the heater heat up with a 
constant temperature under strain [25, 26] (Figure 1.6). Accordingly, the resistance of the eGaIn heater 
is required to decrease under strain, if the applied voltage is uniform.  
Some studies have attempted to reduce changes in resistance and temperature of eGaIn heaters under 
strain by using mixtures of eGaIn and other materials as heating wires (Figure 1.7) [27-29]. However, 
this approach reaches another limit; it is hard to maintain not only temperature but also resistance of the 
mixture-based wires constant under strain. Interestingly, the tensile-vertical eGaIn wire has the 
decreased resistance under strain [30] but the degree of their resistance reduction cannot be adjusted, 
which makes it impossible to realize the desired resistance change. As an alternative, the eGaIn wires 
tilted almost vertically can make the adjustability in resistance reduction so can be adopted for the heater 




Figure 1.6 Increased heating power required for a constant temperature under strain [26] 
 
 
Figure 1.7 Reduced changes in resistance of eGaIn-mixture-based wires under strain [27-29] 
 
The issues of the eGaIn strain sensors and heaters have a common point that analyses on the resistance 
changes in complicated eGaIn trajectories under strain are needed. In response, the resistance changes 
in diagonal and circular arc-shaped eGaIn wires under strain were formulized, verified, and applied to 
stretchable electronics in this thesis. 
The remainder of this thesis is organized as follows. In Chapter 2, relationships between the applied 
uniaxial strain and resistance changes in eGaIn wires patterned by diagonal lines and circular arcs are 
formalized. The formalized resistance estimation models are verified with tensile tests in Chapter 3. In 
Chapter 4, the verified resistance estimation models are applied to eGaIn-based electronics. Lastly, the 




Chapter 2. Formulation of resistance estimation models 
2.1 Assumptions for simplifying Pouillet’s law 
 2.1.1 Pouillet’s law 
Let’s assume we have an electrical wire as shown in Figure 2.1. The resistance values of the wire can 
be expressed by Pouillet’s law [31], which defines the relationship between electrical resistance (R), 







Pouillet’s law also can be applied to the electrical wire consisting of eGaIn. If the eGaIn wire is 
strained, resistance changes in the eGaIn wire can be expressed by the normalized resistance as follows 



















Due to no chemical and thermal change, the electrical resistivity of eGaIn is constant under strain 












Here, additional assumptions are established; 1) the eGaIn wire has no resistive force to deformation 
of elastomer during strain, 2) the elastomer, one of the rubber-like materials regarded to be isotropic 
and iso-volumetric [32], has dominant effects on deformation of the eGaIn wire, and 3) the internal 
stress triggered by strain is uniform in cross-sectional areas of the entire elastomer. With these 
assumptions, the eGaIn wire goes through no volume change and no stress concentration. Thus, the 
value multiplied by the length and cross-sectional area of the eGaIn wires is unchanged under strain 
and expressed as follows: 
 LA = L0A0 (2.4) 
 
The assumed iso-volumetry of the elastomer modifies the equation on the resistance change in the 









It is interesting that the aforementioned assumptions include no restriction on a trajectory or cross-
sectional shape of the eGaIn wire. That is, as long as the elastomer embedding the eGaIn wire is iso-
volumetric, the normalized resistance of the eGaIn wire is equal to the square of the normalized length, 
regardless of the shape of the eGaIn wire. This gives a chance to analyze resistance changes in eGaIn 




2.2 Relationship between resistance and uniaxial strain 
 2.2.1 Tensile directional eGaIn wire 
Under uniaxial strain (ε), the length of a tensile directional eGaIn wire increases, as shown in Figure 
2.2. Thus, the resistance change in a tensile directional eGaIn wire is expressed as follows:  
 R
R0
 = (1 + ε)2 (2.6) 
 
Equation (2.6), the resistance changes in a tensile directional eGaIn wire under strain, has been used 
constantly by most existing studies that try to present theoretical changes in resistance under strain [18, 
23- 25, 30, 33], but is not appropriate at all if the eGaIn wire is not arranged in the tensile direction.  
 
Figure 2.2 Tensile directional eGaIn wires with and without strain 
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  2.2.2 Tensile-vertical eGaIn wire 
Some studies have attempted to propose the resistance changes in a tensile-vertical eGaIn wire under 
strain [30, 33]. As shown in Figure 2.3, when a tensile-vertical eGaIn wire is under strain, the applied 
strain plays a role to shorten the length of the eGaIn wire, and the iso-volumetry of the elastomer makes 








For a more detailed explanation, a rectangle with a length of L, a width of W, the height of H, and the 
volume of V is assumed to be under strain. Then, the deformation of the rectangle under strain is 
expressed with Poisson’s ratio (ν) as follows: 
 V
V0
 = (1 + ε)(1 − νε)2 = 1 (2.8) 
 
Equation (2.8) implies that changes in the width and height of the rectangle can be expressed by only 
the applied strain as following equation (2.9). Given that, under strain, the lateral deformation of a 
tensile directional eGaIn wire is the same as the longitudinal deformation of a tensile-vertical eGaIn 











In addition, under strain, a tensile directional eGaIn wire have an increased resistance because the 
applied strain elongates the length of the eGaIn wire, while a tensile-vertical eGaIn wire have a 
decreased resistance due to the enlargement of its cross-sectional area by stretch of the width of the 
eGaIn wire. These increased and decreased resistances in the tensile directional and tensile-vertical 




Figure 2.3 Tensile-vertical eGaIn wires with and without strain 
 
2.2.3 Diagonal eGaIn wire 
Although the derived equation on the change in resistance of a tensile-vertical eGaIn wire under 
strain provides possibilities for more varied eGaIn wire patterns to be considered, it is still not applicable 
to estimation on resistance changes in diagonal or arc-shaped eGaIn wires [21, 35, 36]. In order to break 
through this restriction, the relationship between strain and resistance changes in a diagonal eGaIn wire, 
whose initial lengths along the tensile direction and the tensile-vertical direction are respectively a and 
b (Figure 2.4), is formalized. Considering its length change under strain, the resistance change in the 
















Unlike the tensile directional and tensile-vertical eGaIn wires, resistance changes in a diagonal eGaIn 
wire under strain are affected by its rotation, as shown in Figure 2.4. All eGaIn wires presented in this 
thesis were drawn and strained on a two-dimensional plane, thus, diagonal eGaIn wires have verticality 
relative to the tensile direction as the form of two-dimensional tilt angles (θ), which are changed by the 









The tangent of an initial tilt angle becomes b/a as follows (2.10) and b/a, employed as a parameter to 
determine the verticality of a diagonal eGaIn wire, is named ‘the verticality’ hereinafter. 
 





Now, in consideration of the length change in a diagonal eGaIn wire under strain and the initial tilt 






(1 + ε)3 + 1 + (1 + ε)3 − 1 cos 2θ0  (2.11) 
 
As shown in Figure 2.4, the diagonal eGaIn wire under strain experiences rotation, elongation in the 
length, and enlargement in the cross-sectional area, which are respectively relevant to a cosine term, 
numerator terms, and denominator terms in equation (2.11). Under strain, the rotation, decided by the 
initial tilt angle, has effects on the resistance changes by giving varieties to the ratio between elongation 
in the length and enlargement in the cross-sectional area, as suggested by the fact that coefficient of the 
cosine term, i.e., (1 + ε)3 − 1 2(1 + ε)3⁄ , is affected by the initial tilt angle in equation (2.11). Namely, 
the resistance change in the diagonal eGaIn wire under strain can be adjusted by the initial tilt angle, or 
the verticality. For instance, when the initial tilt angle becomes 0° or 90°, the whole of rotation switches 
to elongation in the length or enlargement in the cross-sectional area, respectively, and the change in 
resistance of a diagonal eGaIn wire turns into the change in that of the tensile directional eGaIn wire or 
tensile-vertical eGaIn wire, respectively.  
2.2.4 Circular arc-shaped eGaIn wire 
The resistance changes in a circular arc-shaped eGaIn wire under strain is also predictable if the 
circular arc is considered as a sequence of countless tiny diagonal lines. Let us assume that a circular 
arc-shaped eGaIn wire has a starting angle of λs and an ending angle of λe between an angle range of 
0~90°. The arc eGaIn wire can be segmented into a total of n diagonal eGaIn wires having equal length, 
as shown in Figure 2.5. Then, the central angle of the arc eGaIn wire is divided equally as follows:   
 
∆λ = 







Figure 2.5 Top view of a circular arc-shaped eGaIn wire 
 
Here, the j-th diagonal eGaIn wire segment has the tilt angle (ψj) that is expressed with the divided 








(1 + 2j)∆λ (2.13) 
 
By taking into account the tilt angle, the resistance change in the j-th diagonal eGaIn wire segment 






(1 + ε)3 + 1 + (1 + ε)3 − 1 cos 2ψj  (2.14) 
 
The diagonal eGaIn wire segments have equal effects on the resistance change in the entire arc eGaIn 
wire due to their same length, so, the resistance changes in the diagonal eGaIn wire segments under 
strain are divided by n for derivation of the resistance changes in the arc eGaIn wire under strain. In 
addition, if the lengths of the diagonal eGaIn wire segments come to be tiny, the sequence of diagonal 
eGaIn wire segments will become considerably analogous to an arc eGaIn wire. Taken together, the 
resistance change in the arc eGaIn wire under strain can be mathematically expressed by the summation 
of the resistance change in the j-th diagonal eGaIn wire segments under strain, which are divided by n, 





















(1 + ε)3 + 1 − (1 + ε)3 − 1




It is reasonable that the resistance estimation model for the circular arc-shaped eGaIn wire, equation 
(2.16), is analogous to that for the diagonal eGaIn wire, equation (2.11), because a circular arc is 
assumed to be a sequence of diagonal lines during the derivation of equation (2.16). Only one 
dissimilarity between equations (2.11) and (2.16) is the way to describe the rotation of the eGaIn wire: 
cos 2θ0 for a diagonal eGaIn wire in equation (2.11) but sin(λe − λs) cos(λe + λs) λe − λs⁄  for a circular 
arc eGaIn wire in equation (2.16). This dissimilarity explains that the rotation and resistance change in 
an eGaIn wire are determined by its trajectory shape, and ultimately, it gives an apparent explanation 
on the reason why the resistance change in a diagonal eGaIn wire and a circular arc-shaped eGaIn wire 
can be adjusted by the tilt angle and the starting or ending angle. Another interesting point is that when 
the starting angle is approximated to the ending angle, sin(λe − λs) λe − λs⁄   becomes 1 and the 
resistance estimation model for the circular arc-shaped eGaIn wire turns into that for the diagonal eGaIn 
wire, whose tilt angle is 90° − λs due to the 90° difference between the starting angle of the circular 
arc-shaped eGaIn wire and the tilt angle of the diagonal eGaIn wire segment, as suggested in the tilt 
angle of a diagonal eGaIn wire segment, equation (2.13). Consequently, no theoretical defect is found 




Chapter 3. Verification of the estimation models 
3.1 Experimental setup for tensile tests 
 3.1.1 Fabrication of verification samples 
Even if no doubt is placed in the logical validity of the derived resistance estimation models for the 
diagonal and circular arc-shaped eGaIn wires, experimental proofs must be accompanied for practical 
applications. In order to verify the estimation models, resistance values of samples consisting of an 
elastomer matrix and eGaIn are required to be measured under strain. Therefore, the fabrication of 
samples is the first step of the verification. 
The verification samples were fabricated with eGaIn [36] and Solaris [37], one of the silicone 
elastomers, in accordance with the process shown in Figure 3.1. Firstly, uncured Solaris was spread 
thinly on a silicon wafer by using a film applicator [38] and cured in a heating oven [39] at 60℃ for 30 
minutes. Next, the eGaIn wire was drawn on the cured Solaris layer by means of the direct ink writing 
with the use of a 3-axis dispenser [40]. Uncured Solaris was again spread by the film applicator for 
encapsulation of the drawn eGaIn wires and cured in the heating oven again. The cured Solaris was 
trimmed by hand with a scalpel [41, 42]. Lastly, copper wires were put into the eGaIn wires and bonded 
to the Solaris by a silicone adhesive [43]. The silicone adhesive was cured in a heating oven at 120℃ 
for 10 minutes. All of the fabricated sampled in this thesis were about 0.8 mm thick.  
 
Figure 3.1 Fabrication of verification samples 
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 3.1.2 The printable area on the elastomer layer 
In particular, the direct ink writing enables the eGaIn wire to be drawn in various trajectories (Figure 
3.2) with significant consistency in its cross-sectional area [18]. During the direct ink writing of eGaIn, 
a tendency of eGaIn to stick to the elastomer substrate due to the visco-elastic adhesion triggered by its 
oxide layer is used [44]. In other words, when an ejection tip [45] is located at a certain distance from 
the substrate, eGaIn itself comes out from the tip and tends to stick to the substrate. It implies that the 
sudden changes in the gap between the tip and the substance can keep eGaIn from ejection. To make it 
worse, Solaris has a low viscosity (about 1200 centipoises), which leads to non-flatness by flowing 
down from the silicon wafer. It reduces the printable area, where eGaIn wires can be drawn on Solaris, 
thus, the printable area must be examined. Figure 3.3 shows the flatness of Solaris layers estimated by 
visual measurements of changes in the gaps between the tip and Solaris with a microscope [46]. Based 
on empirical experiences, the eGaIn wire is not drawn if the change in the gap between the tip and the 
substrate is more than 0.03 mm, therefore, the printable area is set to a circle with a radius of 50 mm 
relative to the center of the silicon wafer, on the basis of the measured flatness. All eGaIn wires in this 
thesis are drawn on this printable area. 
 




Figure 3.3 Measured changes in the flatness of Solaris samples 
 
 3.1.3 Determination of the contour of the verification samples 
Another challenge during the fabrication was to determine the contour of samples. Although the 
fracture strain of Solaris written on its specification sheet is about 300% [37], some rectangular Solaris 
samples have been observed to be broken at a less than 120% strain, as shown in Figure 3.4, where the 




Figure 3.4 Fracture strain values of rectangular Solaris samples 
 
It is supposed that the stress concentration, caused by the flowing of the internal stress through the 
narrow area, was the major reason for the fracture. If the area of the static part is widened, the stress 
concentration is expected to be reduced. With a computer-aided engineering (CAE) program [47], the 
stress distributions of rectangular and dumbbell-shaped samples under 100% strain have been examined. 
For the properties of elastomer required for the simulation, the study on polydimethylsiloxane (PDMS) 
was referred to [48]. As boundary conditions, one side of each sample was fixed and another side was 
pulled. The simulation results show that the maximum stress of the dumbbell-shaped sample was one-
third that of the rectangular sample (Figure 3.5). Reflecting on these results, all samples in this thesis 
were fabricated in the dumbbell shape.  
 




3.1.4 Signal input process during tensile tests 
For testing the fabricated samples, the both ends of samples were fixed to a 3-axis robot [49], as 
shown in Figure 3.6. The samples were elongated up to 150% strain and returned to 0% strain with a 
strain rate of 5 mm/s depending on the operation of the robot. During the tensile tests, changes in the 
length of the samples were measured by a laser displacement sensor [50] and used to calculate the 
uniaxial strain applied to the samples. Resistance values of the samples were measured by employing a 
customized amplifier board and data acquisition (DAQ) [51]. The signals from the laser sensor and 
amplifier were input into a signal processing software [52] with a sampling rate of 100 Hz (Figure 3.7).  
 
Figure 3.6 A sample fixed to a 3-axis robot 
 
 




3.2 A method for applying the estimation models 
 3.2.1 An equation for applying estimation models 
Before estimating the resistance changes in the verification samples under strain, the eGaIn wire in 
each sample was segmented into static, linked, and patterned parts as shown in Figure 3.8. Under strain, 
the static parts in the eGaIn wire were fixed to the tensile test robot, so, had unchangeable resistance 
values due to absence of elongation. On the contrary, the resistance values of the linked and patterned 
parts were changeable according to elongation. The linked part included tensional directional eGaIn 
wires, which connected between the static and patterned parts. The patterned part included an eGaIn 
wire patterned with diagonal lines or circular arcs. Reflecting these segmented three parts, the resistance 
changes in the verification samples under strain can be expressed with following equation (3.1), where 
the initial length ratio of the static, linked, and patterned parts to the total eGaIn wire are represented 
by α, β, and γ, respectively.  
 R
R0 estimated









Figure 3.8 A sample segmented into static, linked, and patterned parts 
 
On the right side of equation (3.1), the resistance change in the linked part in the second term is 
substituted by the resistance estimation model for a tensile directional eGaIn wire, equation (2.6). The 
resistance change in the patterned part in the third term is substituted by the resistance estimation model 
for a diagonal eGaIn wire or circular arc-shaped eGaIn wire, equation (2.11) or (2.16), in accordance 
with whether the pattern of the eGaIn wire is based on a diagonal line or a circular arc. Resistance 




 3.2.2 An assumption for applying estimation models 
The direct ink writing technique allows the consistent eGaIn wires to be drawn [18] and permits 
resistance values per unit length to be the same in the entire eGaIn wire. The length value of each eGaIn 
wire part can be given by the design dimensions of the eGaIn wires. Figure 3.9 shows the highly linear 
relationships between the total length and total resistance of eGaIn wires in the fabricated samples with 
a coefficient of determination of 98.78%, and it supports that the drawn eGaIn wires were consistent. 
Detailed data of Figure 3.9 are in Table 3.1. It seems that slight errors in the linear relationship have 
resulted from the inconsistent insertion of copper wires into eGaIn wires during fabrication, which 
makes the resistance values of the static parts inconsistent among the samples. Nevertheless, the 
inconsistent insertion of copper wires made no critical error, therefore, was ignored. 
 
Figure 3.9 Relationship between total resistance and total length of eGaIn wires 
 
 





3.3 Tensile test results 
 3.3.1 Patterns of verification samples 
For the verification of the resistance estimation models for diagonal and circular arc-shaped eGaIn 
wires, samples were fabricated to have eGaIn wires patterned by diagonal lines of the verticalities 
between 0 and 4 and circular arcs of the starting angles and ending angles between 0° and 90° (Figures 
3.10). The direct ink writing technique, which has flexibility in modification of eGaIn wire trajectories 
due to no need for any mold base or stencil, allowed a variety of patterns to be drawn quickly and 
economically [18], and has helped to fabricate the diagonal and arc-shaped patterned samples. The 
eGaIn wire trajectories were designed by using a computer-aided design (CAD) [53].  
 
Figure 3.10 The fabricated samples with diagonal (left column) and arc (right column) patterns 
 
 3.3.2 Comparison between the measured and estimated resistance values 
The resistance changes estimated by equation (3.1) were compared to the resistance changes 
measured during the tensile tests. Figure 3.11 shows the 150% strained samples during the tensile tests. 
The results of the tensile tests demonstrated that the estimated and measured resistance changes were 
extremely similar to each other in all samples and the dissimilarities between both resistance values 
were less than 0.05 in terms of a root mean square error (RMSE) as shown in Figures 3.12 and 3.13. It 









Figure 3.12 Measured and estimated resistance changes in samples patterned by diagonal lines 
 
 
Figure 3.13 Measured and estimated resistance changes in samples patterned by circular arcs 
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However, the slight errors in the estimation were not avoidable due to the inconsistent insertion of 
copper wires. Because it was carried out manually, copper wires were highly likely to be inserted into 
eGaIn wires at inconsistent depths. As a result, it contributed to the denial of the underlying assumption 
that the lengths of the static parts of the eGaIn wires shown in Figure 3.8 are the same as their design 
dimensions, and each sample had a distortion in its value of variable α in equation (3.1). Besides, the 
randomness in the RMSEs of Figures 3.12 and 3.13 supports the opinion that the copper wire insertion 
was the main cause of the errors when considering that the copper wire insertion had no relationship 
with any parameters such as the length or pattern shape of eGaIn wires in the samples. Though, the 
errors from the copper wire insertion are expected to be reduced by increasing the proportion of the 
patterned eGaIn wire to the entire eGaIn wire so that the effects of the uncertainty in the copper wire 
insertion are decreased. 
3.3.3 Minor reasons for estimation errors 
It seems that another assumption that the elastomer is iso-volumetric also had a minor issue. It has 
been proved that elastomer silicones cannot be completely iso-volumetric theoretically and 
experimentally [18, 32, 54, 55]. If a material is iso-volumetric, its Poisson’s ratio (ν) is 0.5, but for most 
materials including Solaris, their Poisson’s ratios are less than 0.5, which means that under uniaxial 
strain, the actual transverse deformation of them is smaller than the ideally iso-volumetric one. 
Generally, volumes of actual materials increase under strain, as equation (3.2) and Figure 3.16 implies.  
 V
V0
 = (1 + ε)(1 − νε)2  
= 1     (when ν = 0.5)




Figure 3.14 Volume changes in elastomer under strain 
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The increased volume of the strained Solaris was observed with a brief test. When a Solaris sample 
embedding eGaIn was under strain, eGaIn was sucked in a little (Figure 3.15). It was due to the 
increased volume in the micro-channel occupied by eGaIn wire while eGaIn had no volume change. 
Still, the impact on volume changes in Solaris appeared to be much small in that less than a drop of 
eGaIn was dragged in when the eGaIn wire of total length of 1000 mm was under 50% strain. Thus, the 
error triggered by the increased volume was treated as negligible. 
 
Figure 3.15 Cross-sections of Solaris embedding eGaIn with and without strain 
 
Hysteresis, which is defined as the difference between resistance values under strain and return, was 
another issue related to the estimation error. Hysteresis can be calculated by the following equation 
(3.3), and was less than 5.9% in all samples during 150% strain (Table 3.2). The maximum hysteresis 
occurred in the sample patterned by an arc with a starting angle of 30° and an ending angle of 90°, and 
electrical noises engaged in this sample seemed to be the primary cause for the hysteresis as shown in 
Figure 3.16. However, the estimation errors are still small regardless of the hysteresis, and the strain 
rate, the main reason for hysteresis, is not contained in estimation models. Accordingly, hysteresis was 
not analyzed in this thesis, and reference to a study on hysteresis is recommended for more information 









Table 3.2 Maximum values of hysteresis in all verification samples 
 
 
Figure 3.16 The maximum hysteresis of the arc sample #2 
 
In Chapter 3, the derived estimation models have been verified to offer a precise estimation of 
resistance changes in the diagonal and circular arc-shaped eGaIn wires in a strain range of 0~150%. In 




Chapter 4. Applications 
4.1 Estimation on resistance changes in an eGaIn-based strain sensor 
 4.1.1 Limits for existing analysis on resistance changes  
Although eGaIn strain sensors in previous studies have semicircular eGaIn wires, resistance changes 
in the eGaIn sensors under strain have been estimated with the assumption that the semicircular eGaIn 
wires are short enough to be negligible [18, 24]. It was obvious that estimation errors were followed 
because the deformation of the semicircular eGaIn wires under strain affected the resistance changes in 
the eGaIn sensors. 
To verify the effects of semicircular eGaIn wires on resistance changes in an eGaIn sensor, a tensile 
test was conducted. An eGaIn sensor having semicircular wires was fabricated and tested in the same 
method as the aforementioned for the verification samples. Figure 4.1 presents the fabricated sensor, 
whose eGaIn wire is segmented into stationary, longitudinal, and semicircular parts. Resistance changes 
in the eGaIn sensor were estimated by corresponding the stationary, longitudinal, and semicircular parts 
to the first, second, and third terms on the right side of equation (3.1). The semicircular eGaIn wires 
were regarded as circular arcs with a starting angle of 0° and an ending angle of 90°.  
 
Figure 4.1 The fabricated eGaIn strain sensor 
 
 4.1.2 Tensile test results  
Figure 4.2 presents the result of the tensile test with the eGaIn sensor in a strain range of 0~150%, 
showing the resistance changes measured and estimated with and without considering the semicircular 
parts. Though the total length of all the semicircular parts takes up only 3% of the entire length of the 
wire in the eGaIn sensor, the resistance values estimated considering the semicircular parts were closer 
to the measured resistance values with a 56.07% reduction in estimation error, compared to the 





Figure 4.2 The measured and estimated resistance changes in the eGaIn sensor under strain 
 
In other words, the tensile test result lends support to the assertion that the estimation error is 
significantly reduced when the resistance change under strain is estimated considering the semicircular 
eGaIn wires. In practice, the exclusion of the semicircular wires in estimating the resistance changes in 
the eGaIn sensor containing the semicircular wires means that the entire deformable wire in the eGaIn 
sensor is regarded as the linear wire. However, the difference in the resistance change in the linear and 
semicircular eGaIn wires under strain clearly exists as shown in Table 4.1: the resistance values of the 
linear eGaIn wire are 1.25 times, 1.51 times, and 1.64 times those of the semicircular eGaIn wires at 
30%, 90%, and 150% strain, respectively. It can be concluded that these differences, which grow up 
when more strain is applied, increase the estimation error when estimating the resistance change without 
considering the semicircular eGaIn wires. Thus, the estimation model for the circular arc-shaped eGaIn 
wires is expected to help in the precise estimation of resistance changes in eGaIn-based electronics, 
containing semicircular wires and targeting ultra-stretchability, under strain. 
 




4.2 eGaIn patterning for a stretchable heater 
 4.2.1 Heating of stretchable heaters 
The estimation models are applicable to the design of eGaIn heaters whose heating temperature is 
needed to be constant under strain. For this purpose, the resistance change for a constant temperature 
under strain must be revealed first. The heating of an eGaIn heater can be considered as a one-
dimensional heat transfer with heat generation in a plate on the basis of the assumption that the patterned 
eGaIn wires act as a heating plate with a height small enough (0.1mm) to be ignored compared to that 
of the elastomer matrix (0.8mm) and are located in the center of the cross-section of the eGaIn heater 
as shown in Figure 4.3. In addition, the heating temperature, represented by T, is assumed to be only 
influenced by the thermal conduction of the elastomer matrix and convection with the air surrounding 
the eGaIn heater in the steady-state. Then, as shown in Figure 4.4, a temperature distribution in the 
cross-section of the eGaIn heater along the height direction, z-axis, can be expressed with an internal 
heat generation rate per volume, qgen, and the height of the eGaIn heater, H, as following equation (4.1) 
where k is the conductivity of Solaris, Ta is the unchangeable temperature of the air, and h is the 
convection heat transfer coefficient of the air:  
 








− z2  (4.1) 
 
 




Figure 4.4 A cross-section of an eGaIn heater during heating 
 










The difference in the temperature of the surface and air, ∆T = Tsurf − Ta, can be expressed as follows: 
 





If the temperature of the eGaIn heater has no change under strain, the variables relevant to 
temperature in equation (4.3), i.e., the convection heat transfer coefficient and the temperature 
difference, becomes constant. Then, the only one changeable variable on the right side of equation (4.3) 
is the height of the eGaIn heater. To put it another way, when the height is changed depending on the 
changes in the heat generation rate per volume, the heater can heat up with a constant temperature under 












 = √1 + ε (4.4) 
 
The heat generation rate per volume means the heating power density per time and can be expressed 










The iso-volumetry makes the volume of Solaris constant, and the voltage per unit time, Vapp/time, is 
uniform in virtue of the steady provision from a DC power supply [57]. Hence, the change in the heat 









By substituting equation (4.6) into equation (4.4), the resistance change required for the eGaIn heater 








Therefore, the wire of the eGaIn heater must be designed to have a resistance change similar to that 
presented by equation (4.7). Between the diagonal line and circular arc, the diagonal line was adopted 
for the pattern of the eGaIn heater because the deformation of diagonal patterns is equal in the whole 
wire unlike circular arc patterns whose deformation is partially different (Figure 4.5). In that the 
deformation contributes to the changes in the resistance and heating temperature as shown in Figure 
4.6, arc patterns are likely to have uneven heating. 
 




Figure 4.6 Heating temperatures in the tensile and tensile-vertical eGaIn wire parts under strain 
 
4.2.2 Fabrication of stretchable heaters for verification 
Now, the verticality of the diagonal line is determined. Figure 4.7 presents the estimated resistance 
changes in diagonal eGaIn wires with different verticalities (equation (2.11)) and the resistance changes 
for the constant temperature (equation (4.7)) in a strain range of 0~100%. Let us define “the extrema 
gap” as the gap between the maximum and minimum values of the difference between equations (2.11) 
and (4.7); as shown in Figures 4.8, 4.9 and Table 4.2, the extrema gap becomes the smallest when a 
verticality is 4. Therefore, an eGaIn wire patterned by the diagonal line with a verticality of 4 is used 
for the eGaIn heater. 
 
Figure 4.7 The estimated resistance changes in diagonal eGaIn wires and required resistance change 




Figure 4.8 Differences between equations (2.11) and (4.7) 
 
 
Figure 4.9 Extrema gaps according to the verticalities 
 
 
Table 4.2 Data of extrema gaps according to the verticalities 
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For verification, a diagonal heater and a comparison heater were respectively fabricated by patterning 
the diagonal eGaIn wire and the rectangular eGaIn wire, which consists of most tensile directional wires 
and slight tensile-vertical wires (Figure 4.10). The diagonal wire in the eGaIn heater occupies 99.8% of 
the length in the entire eGaIn wire to dominate the resistance change in the eGaIn heater under strain. 
The two fabricated heaters were tested in the same way as mentioned in Chapter 3, except that heaters 
were elongated up to 100%. Figure 4.11 presents the results of the tensile tests; in both samples, the 
estimated and measured resistance changes were greatly similar to each other with estimation errors of 
less than 0.026. Namely, resistance changes of the two heaters were realized as expected. 
 
Figure 4.10 The fabricated heaters with the rectangular and diagonal patterns 
 
 





In the tensile test results, it is notable that the estimation error of the diagonal patterned eGaIn heater 
was extremely small. Given that the total wire length in the diagonal patterned eGaIn heater was long 
(about 720 mm), it is natural that the estimation error of it can be small. The estimation error of the 
rectangular patterned eGaIn heater, whose total wire length is 700 mm, was also on the small side in 
comparison to the verification samples in Chapter 3. It seems that increased length in the total wire had 
been effective in the reduction in the randomness of the copper wire insertion. 
4.2.3 Tensile-heating test results 
Tensile-heating tests were conducted for examination of the temperature changes in the two heaters 
under strain by using an infrared camera [58], which has 1.5 mm2 of a unit pixel accuracy. Figure 4.12 
demonstrates the setup for tensile-heating test. As shown in Figure 4.10, the heater surfaces around the 
patterned wires were named “heating area” and mean values of heating temperature were calculated by 
dividing the summation of the measured temperature values of all pixels in the heating area by the 
number of the counted pixels. During the tensile-heating tests, a constant voltage, which generated an 
initial mean temperature of about 90℃, was engaged in each heater, and simultaneously the strain 
applied to each heater was increased step-wisely by 10% every 180 seconds until reaching 100%. The 
values of saturated temperatures were measured 170 seconds after each step-wise increase in strain and 
utilized to calculate the mean temperatures. Figure 4.13 presents the heating areas of the two heaters 
during the tensile-heating tests. 
 




Figure 4.13 Heating areas of the rectangular and diagonal heaters during tensile-heating tests 
 
Figure 4.14 presents the maximum temperature values in the heating area of two heaters, which were 
measured by the infrared camera at a speed of 3 Hz. It is confirmed that temperatures were saturated 
sufficiently 170 seconds after each increase in strain. The saturated maximum and mean temperatures 




Figure 4.14 Maximum temperature – time curves of the diagonal and rectangular heaters 
 
 
Figure 4.15 Saturated temperature – strain curves of the diagonal and rectangular heaters 
 
The detailed data of the saturated maximum and mean temperatures are presented in Table 4.3. Here, 
saturated mean temperatures were used as the standard for temperature change by following reasons; 1) 
in the derivation of the resistance change required for a constant temperature, the temperature on the 
entire heating area was considered, 2) the saturated heating was considered because the steady-state 
was assumed, and 3) the maximum temperature could be significantly affected by local deformation, 
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which is likely triggered by the invasion of defects, such as invisible size fine dust and bubbles, in the 
elastomer matrix. During the tensile-heating test with the diagonal patterned heater, these defects 
seemed to affect the dissimilarity in the strain where the biggest maximum and mean temperature 
occurred (top two yellow boxes in Table 4.3). Based on the saturated mean temperature relative to the 
initial mean temperature value, the temperature changes in the two heater differed by up to 7.9 times: 
the biggest temperature changes in the diagonal and rectangular heaters were, respectively, a 6.5% 
increase at 50% strain and a 51.2% decrease at 100% strain. Thus, it is concluded that a diagonal line 
is more suitable as the pattern of the wire in the stretchable heater than a tensile directional line, which 
is commonly adopted in previous studies [27, 29].  
 
Table 4.3 Data of saturated temperatures of the diagonal and rectangular heaters 
 
Unfortunately, it is inevitable that the diagonal patterned heater had temperature changes under strain, 
as suggested by the existence of the extrema gap, which means the result of a difference between the 
actual and desired resistance change. As shown in Figures 4.8, 4.9 and Table 4.2, the biggest extrema 
gap of the diagonal heater is 5.9% at 43.5% strain, and these are similar to the measured biggest 
temperature change of 6.5% at 50% strain (second yellow box from the top in Table 4.3), suggesting 
that the extrema gap has strong relationship with the temperature change. However, the infrared camera 
had a measurement error of about ±0.5℃, making the temperature change have errors of up to 1.2%p, 
and it is supposed to be the reason for the 0.6%p dissimilarity between the biggest extrema gap and the 
biggest temperature change.  
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In the meantime, the 6.5%p dissimilarity in the occurrence strain between the biggest extrema gap 
and the biggest temperature change seemed to be mainly due to the thermal expansion of the elastomer 
matrix, which made the actual stretch of the heater shorter than the applied strain by the tensile test 
machine. In other words, the strain range to maintain the heating temperature constant is required to be 
shorter than the strain range given from the tensile test machine, and thus, the verticality of the diagonal 
pattern in an eGaIn heater is needed to be smaller than 4. Through the tests with a diagonal heater having 
a verticality of 3.8 (Figures 4.16, 4.17, and Table 4.4), the smaller verticality was empirically proved to 
have a fewer temperature change under strain. 
 
Figure 4.16 Resistance change – strain curves of diagonal heaters with verticalities of 3.8 and 4 
 
 
Figure 4.17 Saturated temperature – strain curves of diagonal heaters with verticalities of 3.8 and 4 
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Table 4.4 Data of saturated temperatures of the diagonal heaters 
 
Although the temperature change of less than 3% in a strain range of 0~100% was realized with a 
diagonal patterned eGaIn heater of a 3.8 verticality, two issues still remain. First is the increased 
difference in the maximum and mean temperatures of the diagonal heater under strain (Table 4.3). The 
difference in the maximum and mean temperatures is important because it plays a role as an indicator 
of the non-uniformity in heating. Referring to Figure 4.10, it can be easily guessed that the intervals 
between the diagonal patterned wires became more distant under strain, resulting in the increased non-
uniformity, while the intervals between the rectangular patterned wires became narrower. Hence, a way 
for patterning the diagonal lines is demanded to be modified for a decreased non-uniformity under strain, 
for example, as shown in Figure 4.18. In this thesis, the temperature change under strain has been a 
major concern, so the method for a decreased non-uniformity in heating remains an open issue. 
 
Figure 4.18 An example of a diagonal pattern to keep a heating uniformity under strain 
 
Another issue is that the thermal expansion of the elastomer matrix has not been investigated. Due to 
no investigation on any thermal effects, the verticality of 3.8 was randomly decided but fortunately, the 
diagonal heater with it had a further smaller temperature change than a diagonal pattern with a 
verticality of 4. To design an eGaIn wire trajectory for a smaller temperature change under strain, 




4.2.4 Comparison with other study 
The realization of the temperature change of less than 3% in a strain range of 0~100% by only 
patterning the eGaIn wire is a noteworthy achievement when compared with other stretchable heaters. 
In existing studies on stretchable heaters, a mixture of different materials has been used as an electrical 
wire in a heater [25, 28, 29], but as various materials needed to be prepared and mixed, it has been 
difficult to fabricate heaters. Meanwhile, the stretchable heaters proposed in this thesis have used only 
eGaIn as electrical wires, which naturally led to simple fabrication. In addition to the simple fabrication, 
the heaters in this thesis demonstrated enormously small changes in temperature (less than 3%) even in 
a high tensile condition (100% strain). Comparing to stretchable heaters in other studies which have 
specified temperature changes under strain [20, 59-70], it can be proved how well the heater introduced 
in this thesis maintained the heating temperature even at high strain (Figure 4.19 and Table 4.5). 
 
Figure 4.19 Comparison to other stretchable heaters [20, 59-70] 
 
 




4.3 eGaIn patterning for minimized resistance changes under strain 
 4.3.1 Design of eGaIn patterns for minimization of resistance changes under strain 
In Chapter 4.2, resistance was adjusted to be decreased under strain. On the other hand, some studies 
have attempted to develop eGaIn wires with no change in their resistance under strain for connection 
among electronic components like a resistor, light-emitting diode, amplifier, and microcontroller [35, 
71-73]. Although some studies have introduced stretchable wires with impressively small resistance 
changes under the strain of over 500 % by using the mixtures of eGaIn and solid conductors [72, 73], 
their considerations were on only the materials but no design of wire trajectories. Here, the resistance 
estimation models present the adjustability of resistance changes, which suggests that eGaIn pattering 
can help eliminate changes in resistance. For instance, eGaIn wires patterned by combined two arcs 
have a possibility to achieve minimized resistance changes under strain by adjusting the length ratio or 
ending angles of the two arcs. Figure 4.20 presents the estimated resistance changes in the eGaIn wires 
patterned by combined two arcs under strain with regard to the arc45°&90°, which is defined as a length 
ratio of two arc wires with the same starting angles of 0° and different ending angles of 45° and 90°.  
 




As a first step to select eGaIn wire patterns to minimize resistance changes under strain, “the 
resistance breadth” is defined as the difference between the maximum and minimum values of 
resistance in a specific strain range. Here, if the strain range is set from 0% to the strain where the 
resistance becomes the second initial resistance value, the resistance breadth becomes minimized within 
a maximized strain range, as shown in Figure 4.21 and Table 4.6.  
 
Figure 4.21 A resistance change in combined two arcs with an arc45°&90° of 3.61 
 
 
Table 4.6 Resistance breadths of two arcs with an arc45°&90° of 3.61 according to strain ranges 
 
The resistance breadth becomes bigger when a wider strain range is targeted by adjusting the length 





Figure 4.22 Resistance changes in combined two arcs with various arc45°&90°s 
 
4.3.2 Fabrication of patterned eGaIn wires 
To minimize resistance changes in strain ranges of 0~30% and 0~50%, samples were fabricated by 
patterning eGaIn wires on the basis of combined two arcs with an arc50°&90° of 7.60 and arc45°&90° of 9.87. 
The fabrication method was the same as aforementioned, and the fabricated samples are presented in 
Figure 4.23.  
 





4.3.3 Tensile test results 
The fabricated samples were elongated within the respective targeted strain range in the same way as 
aforementioned except for a strain rate of 0.5mm/s, and the measured resistance changes in the two 
samples were compared to the resistance changes estimated by the estimation model for a circular arc-
shaped eGaIn wire. As shown in Figure 4.24, the estimated and measured resistance changes were 
extremely similar to each other in both samples with estimation errors of less than 0.003. These errors 
could be small because the resistance changes themselves were small and lengths of arc-patterned eGaIn 
wires in the samples were long, taking up about 97% of the total wire lengths, which results in the 
reduction in the effects of the copper wire insertion. Figure 4.24 also demonstrates that resistance 
changes of 2.2% and 4.6% in the strain ranges of 0~30% and 0~50%, respectively, could be realized by 
patterning arc eGaIn wires. 
 
Figure 4.24 The estimated and measured resistance changes in the two samples 
 
Even if the estimation errors were much small, the measured resistance changes were 0.5%p and 
0.7%p bigger than the estimated resistance changes in the two sample (Table 4.7). The hysteresis was 
guessed to have little effect on the errors due to a strain rate ten times slower than that in the cases of 
the aforementioned samples. It seems that the non-iso-volumetry mentioned in Chapter 3.3.2 was the 
main cause of the errors, in that the non-iso-volumetry is linked to the volume increase under strain so 
makes the actual resistance values smaller than the estimated values through the assumption of the iso-
volumetry. However, the degree of the non-iso-volumetry was not that great so was slightly affected the 
errors. As a result, eGaIn wires with resistance changes of less than 5% in a strain range of 0~50% could 
be proposed, and the eGaIn patterning is proved to have its usefulness for eGaIn-based applications 




Table 4.7 The estimated and actual resistance breadths 
 
4.3.4 Comparison with other study 
Although the eGaIn wires proposed in this thesis have relatively high resistance changes under low 
strain compared to other studies (Figure 4.25) [72, 73], the resistance estimation models can be applied 
to the other studies, in which the wires were placed in the tensile direction, to further reduce changes in 
resistance of their wires. The reduction in resistance changes through eGaIn patterning fundamentally 
results from switching wire deformation that makes resistance changes into wire rotation that makes no 
resistance change, therefore, much smaller resistance changes are expected when the resistance 
estimation models are used for patterning eGaIn-based mixtures introduced in other studies. 
 
Figure 4.25 Tensile directional eGaIn-based wires in existing studies [72, 73] 
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Chapter 5. Conclusion and open issues 
In this thesis, resistance changes in diagonal and circular arc-shaped eGaIn wires under strain were 
formulated with the assumption that deformation of eGaIn wires under strain is dominated by the iso-
volumetric elastomer matrix. The derived resistance estimation models suggest that the resistance 
changes in the diagonal and circular arc-shaped eGaIn wires under strain can be adjusted depending on 
the initial tilt angle of the diagonal eGaIn wire and the initial starting or ending angle of the circular 
arc-shaped eGaIn wire, respectively. Samples of eGaIn wires patterned by diagonal lines and circular 
arcs were fabricated and elongated up to 150% strain to experimentally verify the models. Tensile test 
results proved that resistance values estimated by the models were extremely similar to the measured 
resistance values with estimation errors (root mean square errors) of less than 0.05. The errors seemed 
to be mainly caused by variance in copper wire insertions during sample fabrication. 
With the verified models, the resistance change under strain was estimated in an eGaIn strain sensor 
that includes semicircular wires, and inspected by tensile tests with a strain range of 0~150%. Under 
strain, the resistance values estimated with consideration of the semicircular wire were more similar to 
the measured resistance values with a 56.07% decrease in estimation error, compared to the resistance 
values estimated without considered semicircular wire. Also, the model was used for patterning eGaIn 
wires of a stretchable heater, whose temperature is needed to be constant under strain. The resistance 
change required for the constant heating temperature in a strain range of 0~100% was examined, and 
approximately realized by fabricating eGaIn heaters which have wires patterned by diagonal lines with 
verticalities (tangent of tilt angles) of 3.8 and 4. Through the heating tests, the eGaIn heaters were 
proved to have temperature changes of less than 7% in a strain range of 0~100%. Lastly, the model was 
applied for patterning eGaIn wires which have minimized resistance changes under strain. The 
minimized resistance changes of combined two arc wires were examined in a strain range of 0~50%, 
and approximately realized by fabricating samples that have wires of the combined two arcs with 
different ending angles and length ratios. Through the tensile tests, the eGaIn wires were proved to have 
resistance changes of less than 5% in a strain range of 0~50%. In conclusion, the resistance estimation 
models proposed in this thesis are expected to help in the estimation of resistance changes and the design 
of wire trajectories for eGaIn-based stretchable electronics. 
Although this thesis considered only utilization of the estimation models, the estimation models also 
have expandability; 1) the resistance changes under compressive strain can be formulated in the same 
way as the aforementioned models were derived, if the internal compressive stress is uniform in the 
whole of cross-sections. For example, the estimation model for the compressive strain is applicable to 
pressure sensors having cross-sections where eGaIn wires account for most of the area. 2) The 
estimation model for diagonal eGaIn wires can be extended from two-dimensions to three-dimensions. 
In this thesis, only eGaIn wires on a two-dimensional plane were considered, but it is also enable to 
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derive resistance changes in three-dimensional eGaIn wires under strain using equation (2.5), which 
means that the resistance changes are equal to the square of length changes. 3) Additionally, resistance 
changes in sinusoidal and oval patterned eGaIn wires under strain can be derived through equation (2.5). 
Moreover, if the thermal expansion of the eGaIn heater is examined and considered when designing 
the eGaIn trajectory, the heater may have even constant temperatures under strain than proposed in 
Chapter 4.2. Plus, if the eGaIn wires are fabricated with eGaIn-mixtures as shown in existing studies 
[72, 73] and patterned by diagonal lines or arcs, they are expected to have much fewer resistance 
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